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INVESTIGATION OF X24C-2. 10-STAGE AXTAL-FLOW COMPRESSCR
1T - EFFECT OF INLET-AIR PRESSURE
AND TEMPERATURE ON PERFORMANCE

By Harold B. Finger, Harold J. Schum, - -and Howard A, Buckner, Jr.

SUMMARY

An iInveastigation was made to determine the effeots of inlet-
air pressure and temperature on the performsnce of the 10-stags
axial-flow compressor from the X24C-2 turbojet engine. The inves~
tigation was conducted for epeeds of 80, 89, and 100 percent of
equlvalent deslgn speed with inlet-air pressures of 6 and 12 inches
of mercury absolute (424 and 849 1b/sq ft) and inlet-asir tempera-’
‘tures of epproximately 538°, 459°, and 419° R (79°, 0°, and -40° F).
The results of the investiga.tion of the effect of inlet-air pres-
sure were compared wlth the results of the previous performance
investigation at & nominal Inlet-air pressure of 21 inches of mer~
cury ebsolute (1485 1b/sq £1) and an inlet-air temperature of
approximately 538° R to give a larger range of inlet-air pressures.

The peak values of adiebatic temperature-rise effilclency and
pressure ratio were found to decrease as the inlet-air pressure
was reduced at constant inlet-alr temperature. The effect of
inlet-air pressure on equivalent welght flow was amall, the rela-~
tive deviation reaching & maximwm of gbout 1 percemnt., Varlations
in inlet-alr temperature had only & slight effect on the seme per-
formence paremeters. All data obtained at vearlous inlet-alr pres-
sures and Ilnlet-alr temperatures correlated on two curves when the
polytropic efficlency wee plotted as a function of the polybtroplc
lose factor. The only effect of inlet-air preseure was to Iincrease
the minimum loss factor and to decrease the maximum polytropilc
efficiency as the inlet-alr pressure was reduced. The corre-
sponiing effect of temperature was negligible. Pesk adiabatic
temperature-rise efficiency and pressure ratlo lncreaged with
increasing Reynolds number, The fact that the range of Reynolds
number covered in varying the inlet-air pressure was considerably
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larger than thet obtained by varying the inlet~-alr tempereature,
showa that the largest effect of a change in altitude will be due
to the change in pressure. A study of the interstage static-
pressure data, obtalned during this investigation, was made to
detexrmine the performance of each compressor ccmponent.

INTRODUCTION

The performence of the 1l0-stage axlal-flow compresgor from
the X24C-2 turbojet engine ls belng investigated at the NACA
Cleveland laboratory at the request of the Bureau of Aeronautics,
Ravy Department. This compressor was designed to deliver
54.6 pounds of alr per second at a pressure ratic of 4, sea-level
inlet conditions, and a rotor speed of 12,000 rpm.

The results of an investigation at an inlet-air presaure of
21 inches of mercury absolute (1485 1b/sq ft) and an ambilent
inlet-air temperature of approximately 538° R are reported in
reference 1. One run of this investigatlon wes made at the design
speed when losses through the inlet piplng reduced the meximm
inlet-alr pregsure obtainable to 19.5 inches of mercury absolute
(1374 1b/sq £t).

In order to determine the effect of inlet-alr pressure on the
performance of the campressor, runs at 80, 89, and 100 percent of
equlvealent design speed were made at inlet-alr pressures of 6 and
12 inches of mercury sbsolute (424 and 849 1b/sq ft, respectively)
at an inlet-alr temperature of approximately 538° R. Amblent-alr
temperature was used go that a comparlson could be mede with the
results obtained in reference 1 at correspondling speeds. Runs at
inlet-air temperatures of 538°, 459°, and 419° R at an inlet-air
pressure of 6 inches of mercury absolute were meds to determine
the effect of inlet-air temperature on the performance of the
compressor, Because data In the high-flow or choking range of
operation were not obtained in reference 1, a study of the inter-
stage wall static-pressure measurements was made.

During investigations of effects of inlet-alr conditlona on
the performence of other axial-flow compressors, (references 2
to 4), unmeasured smounts of alr leaked into and out of the com-
preasor and an unknown degree of heat transfer was present. For
the present investigation, the setup was therefore designed to
eliminate any source of appreciable alr leakage and provisions
were made to evaluate any leakege that might exist. Because
elimination of heat transfer was impractical, calculations were
made to determine the errors introduced by the heat-transfer
processes. .
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APPARATUS AND INSTRUMENTATION
Apparatus

The 10-stage axial-flow X24C-2 campressor was designed to
delliver 54.6 pounds of alr per second at a pressure ratio of &,
sea-level inlet conditions, and a rotor speed of 12,000 rpm. The
compressor and the setup used for this mvestigation were the same
as those completely described in reference 1. A photograph of the
over-all experimental setup is shown in figure 1. The compressor
was driven by & 9000-horsepower varisble-freguency induction motor
rated at 1793 rpm through & gear box with a step-up ratlo of
8.974:1.

Room air was used for the runs made to determine the effect
of inlet-air pressure on campressor performance; for the deter-
mination of the effect of Inlet-air temperature, air wes supplied
4o the compressor by the laboratory refrigerated-alr aystem. In
both cases, the alr pessed through a submerged adjustable orifice
in the inlet piping and Into a depression tank, which was approxi-
mately 10 feet in length and 6 feet In dlameter. A wooden bell~
mouth was fitted between the depression tank end the compressor-
inlet section to imsure smooth alr entry into the compressor.
Discharge air passed through & soreen in the compressor-outlet
passage into a collector and was removed by two radlal outlet
pipes into a common outlet plpe connected to the laboratory
altitude-exhaust systen.

In the investigstlon reported in reference 1, the screen in
the outlet passage of the compressor limited the maximm air-
woight flow through the unit. In order to aslleviate this altua-
tion, the originel 47-percent opening screen was replaced with a
screen of 87-percent opening. Thils change was the only alteratlon
made to the compressor setup used for the investligation of
reference 1.

The inlet plping, the depreasion tank, the compressor, and
part of the outlet piping were lagged to minimize heat transfer
to or from the room. The compressor was lagged outaide the pro-
tectlive i’ceel shield, which allowed a dead-alr space of approxi-
ma.tely 1nches to act as an ad.d.itiona.l insulator. The ghield

was covered with a.pproxima,tely 4 inohes of 85-percent magnesia
insulatlon. . .
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Instmmen‘batiori

The instrumentation required for the determination of compressor
performance wes the same as that described in detail in reference 1;
the methods used were those recommended in reference 5. Compressor
alr flow was metered by the submerged adjustable orifice located in
the inlet plping. Compressor inlet-air meassurements were made in
the depresgion tank., Because the cross-sectlonal area of the tank
was large, the velocity pressure 1in the tank wes negligible and
the statlic-pressure wall taps were used for measuring the inlet-alx
total pressure. Inlet-air temperature was meassured in approximetely
the same plane as the pressure measurements, using two thermocouple
rekes., Fach rake conglsted of three thermocouples, each thermo-
couple being located at the radius of gyration of equal anmular .
areas, The outlet-air conditions were dstermined by elght static-
pressure taps and slx thermocouples located in the compressor-
outlet section, which was mede snnular by lnserts, as. recammended
in reference 5. Static presgures were also measured along the com-
pressor casing between each rotor and sta:_bor row in order to obtain
the pressure gradient through the compressor at the casing.

Ailxr preassures were indicated on mercury menocmeters with the
exception of the orifice pressure dlfferential, which was Indicated
on a wabter manometer, Temperatures weore measured with calibrated
iron-constantan thermocouples Iin conjunction with a highly senanl-
tive potentiometer. The cold Junctions of these thermocouples were
located in an ice bath. The speed of the compressor was measured
with an electrical chronometric tachometer. The alr used in the .
air-oll mist lubricatlon system was metered by a submerged orifice
plate and passed through sonlc nozzles to ma.intain a consgtant alr
supply to the bearings.

Proclsion
The precision of the measurements taken to determine the per-

formsnce of the X24C-2 10-stage axial-flow compressor is estimated
to be within the following limits:

Temperature, R ¢ v « v ¢« + « ¢ « o o o s o s ¢« s a v o s o« H,5
Pressure, In, HE . . ¢ « « « « o s ¢« o ¢ o ¢ ¢« « o o o o o o 0,05
Compressor Speed, PeXrceOnt o« « « « ¢ ¢« ¢ ¢ + o o ¢ ¢« » » &« & » FH.5
Air-welght flow, percent . . . ¢ ¢« v ¢« ¢ ¢« ¢« ¢« 4 v o ¢ o o o FL.O

The air-weight flow through the compressor, as measured by the
submerged adjustable orifice in the inlet piping, was checked by a
velocity head traverse in the outlet piping., Both methods of
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determining eir-weight flow were prsviously calibrated simultane-
oualy using a flat-plate orifice &8s a standard. The outlet. measur-
ing system was used solely as a check of the leakage. During the
~investigation, the two messurements of sir-welght flow glways agreed
to within *2 percent and the assumption was made that a negligible
amount of elr leakage existed,

Although the temperature of the alr in the depression tank was
measured within +0,5° R, the temperature of the eir at the inlet to
the compressor proper was affected by heat conductlon along the
compressor casing end the rotor from the outlet of the compressor
to the inlet sectlon. Another source of heat transfer waes the
heat introduced by the leakage alr used Iin the lubrication of the
compressor front bearing. Consequently, in addition to inherent
errors incurred by the lnaccurecy of the measurements, a small
additional error was caused by heat transfer. The meximum ervors
caused by the comblned heat-trensfer effects on the peak pressure
ratio PZ/P]_ (ratio of total pressure at compressor outlet to

total pressure at compressor :Lnle'l:)_a.nd. adlsbetic temperabture-rise

efficiency np were estimated to be 0.5 and 0.25 percent, respec-

tlvely. The following table gives the mexlmum percentage of devia-
tion in the pesk pressure ratio and efflciency caused by the inher-
ent inaccuracy of measurements at each speed and inlet condition:

Inlet con~ Equivelent design speed

ditions (percent)
Pres- | Temper-j 80 _89 100
sure | ature [Peak |Peak Peak |Peak Pesk |[Peak
(in. (°R) |pres-|ediabatic |pres-jadiabatic |pres-jedlabatic
Hg sure |tempera- |sure jtempsra- |sure |tempera-
abs, ) ratlo|ture-rise |ratlojture-rise |ratlo}ture-rise

Pp /P |efficiency| Py /P, |efficiency| Py /P | efficiency
Tip fip p

212 538 |£0.34{ 0,97 +0.32] =%0.50 +£0.19] *0.49

12 538 +,60] *1.24 £,57f *1.05 +,52] +1.03

6 538 |[£1.20f{ 2,54 1,16 +£1.54 +1.09{ #1.81

6 459 %,99]| #£2.47 £,95{ *2.13 £.89] £1.62

6 419 |[£1.02| =2.65 +£,95] *2.22 3,89 2,23

&Nominal value,
From this table it can be seen that the maximum deviation’ in

temperature-rise efficlenoy and pressure ratio incurred by the preci-
sion of measurements varies considerably with a decrease in inlet-alr
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pressure but varies only slightly with inlet-air tempervature. From
the successalon of points obtalned at a given speed end inlet condi-
tion, 1t appears that the actusl deviation incurred for each point
was relatively donstant, the devliatlion varying with speed and inlet
condition as noted from the preceding table.

SYMBOLS

The following symbols are used in the calculations:

°y - specific heat at cons%ant pressure, (Btu/(1b)(°F))
Cy specific heat et constant voluﬁe,.(Btu/(ibjfoF))
D inside diaﬁete? of compressor casing, (ft)

My outlet Mach number

m polytropic exponent

n number of stages

P absolute total pressure, (1b/sq £t)

(Pz/Pl)l/n root-mean-pressure ratio per stage

Py : absolute statlc pressure et various polnts along com-
pressor casing, (1lb/sq £t)

R : Reynolds number at compressor inlet, oVD/u

R! Reynolds number index at compressor inlet, W/Tlo'77

T | absolute total temperature, -°R

v -axial inlet-air velocity, (ft/sec)

W welght flow, (1b/sec)

W /8/5 equivalent welght flow corrected to NACA standard

sea-level conditions, (lb/sec)

W J/8/6D% specific equivalent wbighf flow corrected to NACA
standard sea-level conditions, (1b/(sec}(sq £t))

y : ratio of specific heats, cp/cv
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<] . ratio of inlet-alr total pressure to NAGA stand.ard.
. sea-lgvel pressure

np polybropic efficiency, (1;3)/ Gl- )

N adisbatic temperature-rise efficiency
e ratio of inlet-air total temperature to NACA standard
gea-level temperature
Vo W
olytropic loss factor, -— (1- = £ (1 -
M polytrop _ g () T (L - mp)
p density of eir at compressor inlet, (lb/cu ft)
B absolute viscosity of air at compressor inlet,
(v / (£t) (sec))
Vo meen pressure cosfficient per stage
llfm/nT work input factor based on adisbatic temperature-
) rise efficiency
1IJP } polytroplc pressure coefflcient per stage
Subscripts : .
1 inlet
2 " outlet
METEODS

In order to determine the effect of Inlet-eir preassure on the
performance of the X24C-2 compressor, runs were mads at inlet
pressures of 6 and 12 inches of mercury absoliunte and ambient-air
temperature (approximately 538° R or 79° F) so that a comparison
could be made with the reaults of reference 1, which were obtained
at a corresponding inlet-alr tempereature and a nominel inlet pres-
sure of 21 inches of mercury absolute.

At the beginning of the investigation at reduced Inlet-alr
temperatures, fallure of one of the setup parts damaged the two
rows of outlet-guide vanes and also caused the rotor blade tlps
to rub and wear slightly. These blade tips were designed with
grooves extending to a radial depth of 7/64 inch in order to
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minimize damege in the event of blade-cesing interference. The
burrs at the rotor blade tips and in the compressor casing were
removed and the two rows of outlet-gulde vanes were replaced.

A run wes then made at an inlet-alr pressure of 6 inches of
mercury ebsolute and ambient-alr temperature to determine the
change 1in performance resulting from these modifications; the dif-
ference was found to be within the accuracy of measurement. Addi-
tional runs were then made at an inlet-alr pressure of 6 inches of
mercury &bsolute and inlet-air temperatures of 459° and 419° R
(0° and -40° F) to determine the effect of  inlet-air temperature
on compresgor performence, It was necessary to maks these runs at
an inlet-alr pressure of 6§ Inches of mercury absclute because of
the limited guantity of refrigerated air available., At each inlet
condltion, the speeds investigeted were confined to 80, 89, and
100 percent of the equivalent design speed., Lower speeds were
congidered unessential for these lnvestigetions because they are
not wlthin the normal operating renge of the compressor.

All the runs reported were made In the seme manner as the
runs of reference 1 and in accordance with the recommendations of
roference 5, At each speed Investigated, the Inlet-alr tempera-
ture and pressure were maintained constant and the air flow was
varied from the maximum obtalnable wlth the lsboratory alr system
to the point Just preceding inciplent surge. Surging was detected
audibly end by observing fluctuations on the manometers.

The methods of calculating the performance parameters are
discussed in references 1 and 5 except for the inlet Reynolds
number index, which is introduced herein.

Inlet Reynolds number is deflned as

evD
m

R =

For the determinatlon of the Reynolds number at a gliven blade
element of the compressor, the velocity term should be taken as
the velocity of the alr relative to the blade element being con-
gidered and the length should he that which 1ls characterlstic of ..
the particular blade element. Consequently, the numerical value
of the Reynolds number will vary from hub to tip in a given blads
row and from one row of blades to another. When dynamic similar-
ity 1s obtained, the Reynolda nuwber at any blade element 1s pro--
portional to the ‘inlet Reynolds number; end, except for the
possible effects of viscoslity and heat tra.nsfer, ‘dynemic sinllar-
ity 1s determined by equivalent epeed and seguivalent weight flow.

ol
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Thus, whén the equivalent speed and the equivalent weight flow are
held constant, the trus variations of Reynolds number throughout
the compresacr will be approximately proportional to the variation
of inlet Reynolds numbher I1f the accumulated effects of Reynolds
number are actually smell.

From the equation of continulty

4W
n'Dz

The viscosity u 1is proportionsl to the inlet-air temperature
raised to the 0.77 power for the range of tempsratures encountered
in thils investigation. Substitution in the ariglinal squation for
inlet Reynolds number ylelds

4W W
R -~ —_—~ — = Rl’
50,0-77 1,077

"For facility in discuseion, the Reynolds number index R' 1is
used as an exact indlcation of inlet Reynolds number.

RESULTS AND DISCUSSION

All performence parameters presented in the discussion have
been corrected to NACA standard sea-level conditlons of 29.92 inches
~ of mercury absolute and 518.4° R, as prescribed in reference 5.

The results of the linvestigation are divided into filve parts:
(1) genersl performance, (2) effect of inlet-air pressure,
(3) effect of inlet-sir tempersture, (4) effect of Reynolds number,
and (5) interstage messurements.

General Performance

The variation of over-all pressure /ratio P5 /Py end root-
mean~pressure ratio per stage (P?_. /Pl) with equivalent weight

flow W./8/5 and specific equivelent welght flow W+/6/8DF is
shown in figure 2 for compressor speeds of 80, 89,.and 100 percent
of the design speed (12,000 rpm) with an am'bient inlet-air tempera-
ture of  approximately 538° R end inlet-air pressures of 12 and

6 inches of mercury absolute. Adiabatic temperature-rise effi-
ciency contours and the surge limlt are also shown. The general:
performance for the three speeds investigated with an inlet pressure

. (N

-
)



10 L ] NACA RM No. E7H22

of 6 inchea of mercury absolute and lnlet-air temperatures of \
approximately 538°, 4590, and 419° R is presented in flgure 3. The
results of figure 3 were obtalned after the compressor blade tips
had rubbed and the demage had been repaired. Table I presents all
compreasor parameters determined in accordance with reference 5.

Effect of Inlet-Alr Pressure on Performance

The effect of varylng inlet-alr préssure on compressor per-
formance was found to be difficult to evaluate in references 2 to 4
because of unmeasured emounts of eir leakasge into and cut of the
compressors, The setup for the present Investigatlion was therefore
designed to reduce leakage as much a8 possible; end If any leskege
did occur, precautions were made for measuring the air-welght flow
both upstream and downstream of the gompressor. Because these two
welght~flow measurements agreed within I2 percent, the assumption
was made that the amount of alr leskasge was negligible. The only
known source of leakage was the alr spray used in conjunction with
the oll-alr-mist lubrication system for the compressor front bear-
ing. This alr leakage was constant at 0.024 pound per second for
all operating conditions and resulied in a maximum error of 0.3 per-
cent In the asctual air flow through the compressor. This error was
well within the precision of measurement and was less than the 4if-
ference between the Inlet and outlet flow mesgsurements.

In order to show the effect of inlet-alr pressure on compressor-
performence characterlestics, results obtalned at inlet-alr pressures
of 6 and 12 inches of mercury absclute are compared with correspond-
ing results at the higher iInlet-air pressures (reference 1) for 80,
89, and 100 percent of design speed. Adlabatic temperature-rise
efficlency Tp and pressure ratio Pz/?l as functions of equiva-

lent weight flow are presented In figures 4 and 5, respecilvely,
for the inlet-alr pressures investigated. The effect of Inlet-air
pressure on the varisgt{ion of polytroplec efficiency with polytropilc
loes factor is shown in figure 6.

Adlabatic temperature-rise efficiency. - The effect of Inlet-
alr pressure on the adiabatic tempersture-rise efficlency &t an
inlet~ailr temperature of S38° R 1s presented 1n figure 4. At each
of the three speeds investigated, the peak efficlency decreased
with decreasing inlet-alr pressure. The difference between peak
efficiencies decreased from 0.07 at 80 percent of design speed to
0.05 at design speed. These results are in general agreement with
those of references 2 and 3., The trend of decreasing efflciency
with decreasing inlet-air pressure is 1n the direction that would
be expected from a Reynolds number effect; that is, lower inlet

U
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Reynolds numbers result in lower efficiencies. An indication of
the range of Reynolds number covered by varylng inlet-eir pressure
may be obtained from the fect that the inlet Reynolds number at
the highest inlet-ailr pressure was approximately 3% times that for

for the lowest inlet pressure.

+~ Maximum efficiency at en inlet-alr pressure aof 21 inches of
mercury absolute was observed at 89 percent of the demign speed;

at en inlet-air pressure of 12 inches of mercury absolute, maxi-
mum efficiency was observed at 80 percent of design speed; with

an inlet-air pressure of 6 inches of mercury absolute, however,
maximm effilciency was observed at design speed. The maxirmum dif-
ference between the peak efficiencies for a glven inlet-sir pres-
sure was &approximately 0.02, For the inlet-alr pressure of 6 inches
of mercury absclute, the entlire vaerlatlion of peak efficiency with
speed is within experimentel error; for inlet-air pressures of 21
.and 12 inches of mercury szbsolute, however, only one-half of the
variation of peak efficiency with speed may be attributed to exper-
méhtal error. From these results, inlet-air pressure apparently
changed the speed at which meximum efficiency occurred.

Presaure ratio and equivalent welght flow., - The effect of
inlet-alr pressure on pressure ratlo end equivalent weight flow
is presented in figure 5. At &ll the speeds inveatigated, the
peek pressure ratic obtained with the maximum inlet-air pressure
was greater than that obtained with an inlet-air pressure of
6 inches of mercury ebsolute. The difference In peak pressure
ratlo obtalned at the highest and lowest Inlet-air pressures
reached a maximum of 0.17 (approximatsly & percent) at 89 percent
of design speed. Peak pressure ratlo at an inlet-air pressure of
12 inches of mercury absolute was, In all ceses, lesa than or
egqual to the peak pressure raetio at an inlet-alr pressure of - |,
21 inches of mercury aebsolute and greater than or equal to that
obtalned at 6 inches of mercury asbsolute, The dilfference in pesak
pressure ratio obtalned at the two low lnlet-eir pressures
decreased from 0.06 to practically O es the speed was: increased
from 80 to 100 percent of design speed. In general, a decroase
in inlet-air pressure with constant inlet-alr temperature there-
fore decreases the pesk pressure ratlo. The differences in pesak
pressure ratlo at each speed were approximately egquivalent o the
differences in peak adliabatic temperature-rise efficlency.

-——-  The effect of inlet-air pressure on equivalent welght fiow
can be determlned by examining the high-flow rangs of operation
for sach speed in figure 5. The maximum egquivalent welght flow
was the sams for the two higher inlet-air pressures at all speeds,
At deslgn speed, the curves for all thres inlet-alr pressures are
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coincident in the high-flow range. At 80 end 89 percent of design
speed, the weight flows for an inlet-alr pressure of 6 inches of
mercury absolute-are slightly less than those for inlet-air pres-
sures of 12 and 21 inches of mercury absolute., The maximum devia-
tion at high flows was only 2 percent, at least onhe~half of which
can be attributed to experimental error. Inlet-alr pressure appar-
ently has a maximm effect of about 1 percent on eguivalent welght
flow, The discrepancy between the effect of inlet-alr pressure on
equivalent weight flow a8 shown in references 2 to 4 and that shown
herein may be chiefly attributed to leakage effects in the refer-
ence investigations.

The results presented in figure 4 Indicate that the surge-free
renge of operation was increased as the inlet-ailr pressure was
reduced. At 80 and 89 percent of design spoed, the surge limit of
operation consistently occurred at lower values of welght flow as
inlet-alr pressure decressed. At the low inlet-air pressures,
detection of surging was difficult because the pulsetions were
much milder than at the high inlet-air pressures. - The milder pul-
sations at the low inlet-alr pressures may have been due either to
the decreased air density or to changes 1n the reslstance-volume
characterlstica of the inlet and outlet duwcts resulting from dif-
ferent inlet and outlet throttle settings. Indsmuch as the surglng
characteristics encountered in this investigation would very prob-
ably be different From those encountered during the operation of a
Jot engine, the observed extension of the surge-free range of oper-
ation accompanying & decreasse in inlet-air pressure was regarded
only as a possible trend.

Polytroplc loss factor, - The use of a polytrople loss factor
proved satlsfectory ln cobtalning en accurate correlation of the
effeot of inlet-air pressure upon compressor perfdmmance independ~
ent of speed. The polytroplc loss factor A - which 1s & function

of all the losses of compresslon such as heat transfer, blade drag,
tip cleerance, and wall friction,.ls defined as the difference
between the work input factor 1hp/np and. the prefisure coeffi-

clent WP, which are meassures of the actual and useful work,

respectively, performed on a gas during the compression process.

In addition, presenting this polytropic loses factor as & function
of polytroplc efficiency, which serves as an indication of mean
stage efflciency, gave a satlsfactory correlation. This polytroplo
efficiency 18 equel to the ratlo of the polytroplc te the actusl
work of compression. The derivations of polytroplc efflciency and
rolytropic loss factor are presented in reference 1.

The veriation of polytropic efficlency.with the.polytropic
loss factor for the various speeds and inlet-alr pressures

*.
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investigated 1s shown in filgure 6. The compressor performence for
all speeds and inlet conditions can be presented by two converging
curves as found in reference 1. Poilnts for low flows at each speed
Pall on the upper curve of figure 6 and those for high flows fall
on the lower curve. All the data correlate on the same two curves
within about 2 percent regardless of inlet-air pressure and speed.
The data for each Inlet-alr pressure are shown on a separate plot
only for the seke of simpliclity. The chief effects of inlet-air
pressure were to increase the minimum loss fector and decrease the
meximum polytropic efficiency as the inlet-air pressure was reduced.
In going from the maximum inlet-alr pressure of 21 inches of mer-
cury ebsolute to 6 inches of mercury absoluts, the polytropic loss
factor increased from 0.056 to 0,082 and the polytropic efficlency
decreased fram 0,87 to 0.81. It must be remembered, however, that
efficlency ls & function of the ratio of losses to input and that

a8 decrease in losses alone does not necessliiste an increase in
efficiency. From the data of figure 6 it appears that inlet-alr
pressure has 1little effect on the correlation exoept in the region
of the minimum loss factor.

Effect of Inlet—Air Tempera.ture on Perfomance

Heat transfer. Because other investigators have found it
difficult &o eva.luate the effect of inlet-alr .temperature on com-
pressor performance due to. hest-trensfer effects (references 2
and 3), calculations were made ta estimate the extent of these
effects for the present investigetion. The following processes
were considered: - ' '

(a) Heat transferred by conduction from the -.outlet air to the
inlet air through the cesing and the rotor, which would cause &
difference between the observed and the dctual inlet-air temperatures

(v) Heat transferred by convection from the front bearing air-
oil lubrication spray entering the air stream at the compressor
inlet to the inlet air, which would ceuse a difference between the
observed end the a.ctua.l inlet-a.ir temperatures

(c) Heat transfer 'bet,ween the working fluid and the ambient
air, which would not only cause & deviation between the observed
and the actual temperature rises through the compressor but would
also change the relatlve veloclty dlagram of the individual stages

(4) Heat trensfer from the working fluid through the turbine

shaft to the balance piston (see fig. 5, reference 1), which would
cause an error in the measured outlet-air temperature
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(e) Heat transferred between the'compressor end 1ite supports

These calculations indiceted thet the maximum error Iin effi=-
ciency due to these heat-transfer effects was 0,25 percent for the
condition that seemed to be affected mogt. The magnitude of the
calculated effect 18 less than the accuracy of the measurements
for an inlet-sir pressure of 6 Inches of mercury absolute, Con=-
gequently, the effect of heat transfer was neglected in evaluating
the results of this investlgation.

Adigbatic temperature-rise efficiency. - The effect of inlet-
alr temperature on adlabatic temperature-rise efficlency ia pre-
sented in figure 7 for 80, 89, and 100 percent of design apeed at
an inlet-air pressure of 6 ilnches of mercury ebsclute, Inlet-alr
temperatures of 538°, 459°, and 419° R were investigated. The dif-
ferences in the peak effliclencles obtailned with the various inlet-
alr temperatures are very small, reaching a maximum of about 0.03,
at 80 percent of design speed. In the low-flow range of the curves
gt 80 percent of. design speed, the efflciency with an inlet-alr
temperature of 419° R 1s considerably lower than the efficlencies
with elther of the. two other inlet-alr temperetures. Thls varia-
tlon is partly attributed to the light-surge condition over most
of the low-flow reglon, For all speeds, the peak adisbatic
temperature-rise efficiency at an inlet-elr temperature of 459° R
was greater than or equal to that for 538° R, Conversely, the
pesk value of edisbatic temperature-rise efficlency at an Inlet-
air temperature of 419° R was neyer greater than that obtained at
the inlet-air temperature of 538~ R. The peak efficiency for all
speeds investigated was less for an inlet-air temperature of 418° R
than for 459° R, Although the total variation of peak efficiency
with the three inlet-alr temperatures is within the absolute pre-
cision of measurements, most of the data indicate that the adla-
batic temperature-rise efficiency does very with inlet-air tempera-
ture. Between the temperatures of 538° and 459° R, the change in
efficiency with temperature follows a trend which suggests that
the effect of inlet-air temperature on adisbetioc temperature-rise
efficiency was nothing more then the effect of Reynolds number.
Between the temperatures of 458° and 419° R, however, the apparent
trend 1s jJust the opposite. Although the evidence 1s still incon-
clusive, the effect of inlet-alr temperature on adlabatic
temperature-rise efficiency apparently can not be completely
explained by the effect of inlet-air temperature on Reynolds
number,

The results of reference 2 indicate an effect of temperature

comparable in magnitude to these results., The effect of tempera-
ture as presented in reference 3 was conslderably greater than
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the effect obtained in the current investlgation but the results of
reference 3 were effected by alr leakage of unknown magnitude., In
this investigation, the varlation of peak sdiabatic temperature-
rise efficiency wlith inlet-alr temperature over the range of btem-
perature that is of interest appears to be extremely small for the
Inlet-alr pressure investigated (6 in. Hg absolute).

Pressure ratio and eguivalent weight flow, - The varlatlon of
pressure ratio with equivalent weight £low ls shown in figure 8
for the three speeds and inlet-air temperatures investligated. At
all speeds, the maximum difference in peak pressure ratlo obtained
with the va.rious inlet-alr temperatures was less than 0.10.
Because the differencee in peak pressure ratlo at 89 and 100 per-
cent of design speed are only approximately 0.3 and 0.8 percent
greater, roéspectively, then the inaccuracy introduced by the pre-
cision of measurements, the effect of Inlet-alr temperature on
pressure ratio apparently is eguivalent to the effect of Inlet-air
temperature on efficlency. In all cases investigated, the peak
presaure ratio obtalned with an inlet-alr temperature of 459° R
was greater then with either the inlet-air temperatures of 538° or
419° R with the exception of the 80 percent design speed where the
peek pressure ratlo was spproximately the same at the inlet-alr
temperatures of 538° and 459° R. The pesk pressure ratio obtained
with the inlet-air at 419° R increesed from 2.18 &t 80 percent of
design speed to 3.28 at design epeed and was less than that
obtained with ambient Inlet-alr temperature at all speeds inves-
tigated. The effect of Inlet-air temperature on equivalent welght
flow 1s relatively small when the precision of measurement is con-
sldered, but most of the data Indicate that a decresse in Inlet-
air tempera.ture from 538° to 459° R tends to increase the maximum
alr capacilty of the ccmpreasor~ vhereas & decresse in inlet-air
temperature fram 459° to 419° R tends to diminish the air capaciby.
The maximum air capacity of the compressor is epparently a complex
function of the inlet-alr temperature, asnd is not ccmpletely
expla.ined by Reynolds number,

Polytropic loss factor. - The variation of polytropic effi-
ciency with polytropic loss factor 1s presented in flgure 9 for
inlet-air pressure of 6 inches of mercury absolute and Inlet-alr
temperatures of 538°, 459°, and 419° R. Comparison of the curves’
indicates that inlet-a.ir temperature hes no apprecisble effect on
the location of the two curves on which the data fall. The only
effect of temperature coccurred at the point of minimum loss factor
but this effect wag prac‘bically negligi'ble.
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'waect of Reynolds Number on Performance »

The results of this investigation have indicated = notlceable
effect of inlet-air pressure on performance but only a siight effeot
of inlet-alr temperature. Both adlabatic temperature-rise efficiency
and pressure ratic increased appreciably as the inlet-air pressure
was Increased from 6 to 21 inches of mercury absolute. This trend
is in agreement with the resulte of previous investigations (refer-
ences 2 to 4) and indicates & Reynolds number effect, As an indica-
tion of the effect of Reynolds number, figure 10 presents peak
adiabatic temperature-rise efficlency and peak pressure ratic as
functions of the Reynolds number Index, based upon the actual air
flow and the inlet-alr temperature. The results are shown for all
inlet conditions Iinvestigated at speeds of 80, 89, and 100 percent
of deslgn speed. From the rether meager data presented iIn figure 10
and considering the experimental accuracy, the efficiency appears
to increase uniformly with increasing Reynolds number index and
the varilation of peek pressure ratio with Reynolds number is simi-
lar to that for peak adisbatic temperature-rise efficiency. The
range of Reynolds number covered in verylng the inlet-alr pressure A
from 6 te 21 inches of mercury absclute was approximately seven
times as great as the range covered in varying the inlet-alr tem-
perature from 538° to 419° R. As far as the Reynolds number effect .
is concerned the effect of inlet-air temperature is therefore small
and the greatest effect of a change in altitude will be due to the
change in pressure. _

Interstage Measurements

The interstage stetic pressures measured at the compressor
casing are presented In figure 1l as the ratlio of the static pres-
sure at each station to the total pressure as measured in the
depression tank, The results ere presented for the design speed
runs at inlet-alr pressures of 6 and 12 inches of mercury absolute
and embient Inlet-alr temperature of 538° R for the complete flow
range. For both inlet-air pressures, the data show that a choking
condition existed in the first row of ocutlet-gulde vanes in the
region of maximum flow, Thls phenamencn 1e indicated by the con-
tinual decreese in downstream pressure without a corresponding
decrease 1n upstream pressure. The maximum flow oblained was
approximately 89 percent of the total flow required to glve sonic
volocity at the outlet of the inlet-gulde vanes and the inlet-
guide venes were approaching a choked condition. The static-
pregsure drop incurred in the inlet-gulde vemes 1s recovered in L
the firet two stages of compression, The existence of separation
in the second row of outlet-guide vanes 1s indicated by the drop
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in pressure through this row of blades at the peak adlabatic
temperature-rise efficlency and surge polnts. Also, the tenth
rotor row appears to be approeching & turbining condition in the
high flow region, similar to the condition found in reference 1.

The - effect of speed on interstage static pressures is pre-
sented in figure 12 for the points of meximum weight flow, peak
adiabatlic temperature-rise efficiency, and surge for inlet condi-
tions of 12 inches of mercury absolute and emblent inlet-air tem-
perature. As would be expected, because of the reduced weight flow,
the drop In pressure through the inlet-gulde vanes ls reduced as
the speed is reduced. Evidence of stalling conditions in the
setond row of outlet-guide vanes can asgein be noted for the peak
adiabatic temperature-rise efficiency and surge points at design
speed. In addition, a similar stelling condition cccurs at the
surge point at 89 percent of deslgn speed. It also appears thab
the first stator row 1e atalling at 80 percent of design speed at
all flow conditlons presented.

SUMMARY QF RESULTS

An Investigetlon of the performance of the 10-stage
X24C-2 axial-flow compressor at various inlet-air pressures and
temperatures produced the following results:

1. With a decrease In inlet-air pressure at constant inlet-
air temperature, & corresponding decresse in peak values of adia-
batic temperature-rise efficiency and pressure ratlic was obtailned.
The varietion in inlet-alr pressure, however, had little effect
(2 maximum of about 1 percent) on the equivalent weight flow at
any particular speed investigated,

2. Although the total variation of peak adisbatlc tempsrature-
rise efflciency at sach speed for all three inlet-alr temperatures
was within the preclsion of the experiment for the low inlet-air
pressure of 6 inches of mercury absolute, the trend of the curves
at each speed investigeted demonstrated that the pesk adlshatic
temperature-rise efficliency varlied with a change ln the inlet-air
temperature. The effect of Inlet-alr temperature on equivalent
weight flow and peek pressure ratio was smell.

3. All data obtalned &t various inlet-plr pressures and inlet-
air temperatures correlated within 2 percent on two curves wvwhen
the polytropic efficlency was plotted as & function of the poly-
troplc loss factor. The only effect of inlet-alr pressure was to
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increase the minimum logs factor and to decrease the maximum poly-
tropic efficliency as-the inlet-air pressure was reduced. The effect
of inlet-alr temperature was negligible. :

4, Peak adia.ba.tic temperature~rise efficiency and pressure
retio increased with incree.sing Reynolds number. Because the range
of Reynolds number covered in varying the iniet-air pressure {rom
6 to 21 inches of mercury absolute was approximately seven times as
great as the range covered in varylng the inlet-alr temperature from
538° to 419° R, the greatest effect of a change In altltude will be

due to the cha.nge in pressure,

5. The results of the interstage static-pressure measurements
indlcated a stalled condition in the second row of outlet-guide
vanes 1in the reglon of peak adishatlic temperature-rise efficlency
et design speed end in the firat stator row of blades at 80 percent
of deslgn speed. The flrast row of outlet-gulde vanes were ehown to
be choking in the reglon of naximum flow,
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TABLE ) - PERFORMANCE OF %24C-2 10-STAGE AX|AL-FLOW COMPRESSOR

{a) 1nlet pressure, 12 inches mercury absolute (B4D thysq ft); inlet-air temperature, 5365 R.

Parcantage E1uiulanl Over-all i Over-all Adiabatic Polytropic| Mean Adiabatic | Polytropic | Pelytropic | Outlet
o? Semgn alr-seight | pressure \enrerature tamperature- | afficiency! pragsure wark-ingut| pressure loss factor| Mach
spesd f [om ratio ratio rise n coefficient | factor coefficient 2\ nuwber .
W VB P2/P) T2, efficiency P Yo val/ns % P ¥
i
80 43, qug 1,23] 0.3 0.424 0.131 0.328 0,140 0.190 0.4%
42. 1.6 1,243 5 B4 .326 .348 .23 14 352
42,83 |.188 1.27) T .687 .65 .380 247 114 .328
42 .35 (.80 1.285 758 . 791 .588 .38l +30} 080 3
41.75 2.032 1.282 31 813 320 -4 326 0?6 2
41,08 2,137 1,208 . 828 346 42B . 355 073 261
40,79 2.1%4 1.307 B13 a8 358 440 .48 or2 283
39.99 2.243 1,320 807 ] 368 457 379 078 .2343
39,05 2,25 1.327 193 HI7 312 459 304 068
38.31 2,285 | 1,331 (184 .B10 .372 475 385 ,080 .
36 gg 3-244 | gg? 748 278 .89 498 384 A1 2%
35, 222 |, 13 .745 364 511 380 13 .
R3.73 %.I..'ﬂ' 1.366 . 702 .350 525 .369 157 218
32.23 105 1,373 .668 .339 537 .359 178 210
3l.ve 2,113 1,388 813 653 Ty . -8 . 193 .208
30.19 2.08) | ,400 60 612 .328 577 .53 224 204
89 49.6 1.604 I.200 0.486 0.529 0. 166 0,335 0.177 0.157 0.455
48. I |.284 . EBB .84 .336 . 196 . 140 421
49,30 2.088 1,308 L1741 .68 +288 358 275 335
49.30 ? 148 b o220 .167 184 28| 371 . 281 .0 .32
49,28 .508 1.207 B71 .70l 231 345 242 N 87
49,88 2,243 | .332 776 .802 288 385 308 076 .06
42.77 2.385 |.383 .182 818 .324 . 335 07 2817
44,18 2,437 1.3¥3 ] a7 .333 A2 344 .0 277
47,97 2.480 1,370 .797 0825 .343 430 355 075 .270
A7.10 2.586 1.394 .784 814 359 .48 .37% . .
%-ﬁ s;% ‘04 .g'? l%g |:;| 'm ) '248
it SN 1412 4 808 35 il ] 2 |
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'RE I w (e | g | ] 8t
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. , . w1l 781 . 241 . . -
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%.70 2.858 1.445 777 A1 317 .408 331 v 077 283
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TABLE | ~ CONTINUED. PERFORMANCE OF X24C-2 10-STAGE AXIAL-FLOW COMPRESSOR
(b) Inlet pressure, 6 inches marcury absolute (424 |b/sq ft); infet-air temperature, 5380 R, '
Hercentage Equivajent | Qvar-all | Over-all Adiabatic Po%yt(opic Mean Adiabatic | Polytropic |Polytropic |Qutlet
of design | air-weight | pressure | temperature | temperature-| efficiency [ pressure work~input | pressure logss factor |Mach
speed flow ratig ratio f;?? . np coefficient | factor coefficient A number
" Vb ! TalT e u':‘uency . ' Ya/n; L P L]
T

80 42.4) 1,610 l. 0. 0.622 0. 0.348 0.216 0.13 0.364
41 .89 I.g79 1.523 .8%2 .gge .ggg 347 .235 .II% 342

41,77 1.795 1,243 742 .765 258 347 .2686 .(82 316

40.20 2.003 1.310 751 .718 .333 444 .345 .009 .263

38.20 2.162 1,328 744 773 .349 489 .383 107 249

38.53 2.197 1.338 742 170 359 AB4 .373 Y .240

38.20 2.202 1.342 734 .164 .35 .488 .3173 115 238

37.06 2.195 1.348 J16 .748 357 +498 373 128 233

35,91 2.178 1.351 702 736 +354 .504 371 .133 226

34.51 2.168 1.365 671 407 .352 D24 370 154 220

33.95 2.215 1.376 870 .708 302 541 .383 .158 213

31.04 2.102 1.404 .580 .623 330 .979 .361 218 207

29.22 2,058 1.419 541 586 328 .800 352 .248 199

25,90 1,975 |.443 .480 528 305 536 .336 .300 .188

89 T4 2.088 1.325 0.719 0.749 0.270 0.376 0,282 0.09% 0.327
49 2.255 1.345 .;53 .182 .300 .398 3 087 301

47.61 2.432 1.37% 184 794 332 435 .346 090 205

45.83 2.623 |.416 .755 .790 364 .481 .380 .101 247

45.82 2,618 l.416 154 .788 382 481 .379 102 247

45.45 2.624 1.417 7154 .788 ,363 481 379 102 245

44.76 2.611 |.427 733 .769 361 493 .379 Jd14 243

100 .84 220 I, C.67 0.708 0.23 0.3 0.245 0.101 0.374
28.57 3.860 l.gg? .gl 649 .205 .339 .%lB .18 407

568,54 2.624 1.419 15} .185 288 .384 301 .083 Al

58,20 2.412 |.398 716 752 .259 363 273 .090 .337

8,12 2.265 |.383 .680 .718 .z% .361 .%% .09 .356
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PERFORMANCE OF X24C-2 |C-STAGE AXIAL-~FLOW COMPRESSOR
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TABLE | = CONTINUED. PERFORMANCE OF X24C-2 10-STAGE AXIAL-FLOW COMPRESSOR
{d) Inlet pressurs, 6 inches mercury absplute {424 Inv/ag fi); inlet-air temperature, 458° R,
Percentage | Equivalant | Qver-all |Over-al| Adiabatie Pelytropic | Nean Adlabatic |Polytropic [Polytropic |Outlet
of design |air-weight | pressure | temperature | temperature- |efficiency | pressure work-input {pressure loss factor |Mach
spoed . | fiow ratio ratio rise np toafficient |factor coafficient Ap numbe r
80 . l. ]. 0 0.395 0.128 0.348 0.137 Q. 0,445
rd ..% |:38 e ki e 39 A %g 5"
4] .89 l. 1.248 .A81 . N «35] .168 . 408
41,76 1.701 1.261 028 6855 233 »371 243 Jd28 336
44 .74 1.850 1.278 609 .127 274 .365 287 .08 308
41,28 888 i.288 739 104 «300 406 310 .096 .285
40.01 S.OIB l .g& +7150 175 313 418 +323 1085 278
40.81 .082 le .;68 <] 332 A32 343 .008 .203
39,91 -2.193 1.324 184 .808 .359 452 268 087 248
39,80 2,180 1.318 180 812 .35 452 307 .0BD 247
ga x| m | om0 om o dg | @ |
37.44 2.204 1347 Iigeg 784 3 494 .387 Wor | 228
35%% 2.230 1.357 . Jah2 .65 005 .380 125 .%4
2. 2.148 .387 630 .0588 345 548 268 N 207
89 49.8 1.8114 1.3 0.477 0.508 0.168 0.35¢ 0.17 0.174 0.453
484A 2. V. 686 Tl 258 376 -Eﬁg 108 +343
49.47 1.685 1.309 .52l 505 . 185 394 197 . 168 .?_ﬁg
48395 l 1864 ' .3'9 q6|7 .B43 -223 -m - 33 1'29 L3
48.53 2,232 1.343 751 .718 .287 .308 307 088 304
48.1) 2.382 | .358 «1685 Adl2 .325 Al 330 078 | .282
47.66 2.502 1.373 805 828 343 426 353 073 +205
47.08 2.686 1.408 7198 823 368 463 «381 .0B2 248
48.11 2.727 |.423 187 .8i3 ~382 . A6 395 081 239
100 . 160 |. 0. 0.674 0.22 0.383 0.237 Q.16 0.381
@% E&gg :ﬁ éﬁ . lg 549 .65 .Ié.'?l .«.llgél .%
QZ& 52 I 24% .74 . 2 Z?ﬁ? 2 ~067 2312
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TABLE | ~ CONCLUDED, PERFORMANCE OF X24C-2 10-STAGE AXIAL-FLOW COMPRESSOR

!

{e) intet prassure, & inches marcury absolute (424 Ib/sq ft); Inlat-air tamparatore, 4192 R,
,

Parcentage | Equivzlent | Ovar-all | Over-all Adjabatic Polytropic |Meam Atiabatic |Polyteopie |Polytropic |Qutlet
Y A
of design [ajr-weight [ presaure | temparature | temparature~ (efficiancy |pressure vork-input |pressure loss factor |Mach
spaed flom ratio ratio rfl.';g ) n coefficiant | factor coefficipnt Ao nuabar
¥ V3/6 Ra/P) Ty ¢ -:;ency | Yo . Ya/ng Yo s
a0 4| .49 1.458 |.248 0.460 0,490 0.160 0.349 0.171 0.178 0.
40,19 | 682 I.EBI 812 42 228 .380 237 32 .38
40.08 2.122 1.313 .763 791 334 443 .350 .03 .e63
40.% 1,906 ).281 118 745 208 % ) 102 +291
41. 1,456 1,238 475 508 181 . 7 . 187 308
40.00 2,150 1.320 783 .768 347 . 488 350 .008 254
38.63 2.167 1.33 731 760 +351 .480 1] A5 24
37.i2 2.176 ). 357 .698 .729 .353 . 507 370 138 234
32.76 2, |§9 | :Bg .ﬁ"O .70? .348 520 + 87 .Iﬁa .232
s (B |1 | 0w & | W | m | | 0B
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E.gg 2.1 1.333 .gag 175 286 %3 .2!!3 .& .-ﬁ
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-48. 19 2.8 1.368 .79 817 .325 Al 3% 75 280
48.@ 2.304 1,348 7106 . B00 310 380 .g&a .898 281
48. 2,333 1,352 780 804 315 403 2324 . '
47.50 2.464 1.369 798 821 337 424 .348 0 288
47.39 2.45) 1.368 .182 .819 335 424 347 077 210
47,38 2.467 i.3680 793 810 336 424 347 A77 .208
8 |5 | G 18 ot i I 0 o8 | 2w
44,89 5ot l. .766 .799 .389 (482 .386 .007 238
100 %% 5383 ig;%’ 0.3 o.gg% 0.174 0.33‘!3 o'il’l O.II? 0.1%3
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Figure |, - Setup for investigating performance of X24C~2 ax!al-flow compressor.
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Figure 3, - Performance of X24C-2 axial-flow compressor at various inlet-alr temperatures. Mo dif-
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